Xanthan is the first polysaccharide commercially produced by abacterial fermentation using simple sugars. In this study, rice straw was introduced as an inexpensive and widely available carbon source for microbial xanthan gum production. The production yield was improved by pretreatment with NaOH and NaHCO 3 .
Introduction
Environmentally friendly polysaccharides have versatile applications in many industries because of their biocompatibility and biodegradability. They serve as additives in foods, textiles and cosmetics to improve rheological properties of products. Plant resources of polysaccharides are costly. However, they can be produced more conveniently by microorganisms.
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Xanthan is the rst polysaccharide produced by microorganisms on an industrial scale. 4 Additionally, it has the greatest production rate in the world among all natural gums. 5, 6 Xanthomonas campestris is able to synthesize xanthan gum efficiently. The effects of operating conditions of cultivation of this strain, such as temperature, agitation rate and pH were investigated by Psomas et al. 7 and Mirik et al. 8 The nutritional requirements of this bacterium should be optimized to attain high yield of gum production. Umashankar et al. 9 studied the effects of several N and C mineral sources to maximize xanthan yield. Souw et al. 10 studied the nutritional requirements of X. campestris in a dened medium. It can be cultivated solely on glucose or glucose enriched with organic acids. 10 Nevertheless, many efforts were undertaken to introduce other carbon sources. Production of microbial xanthan gum using molasses, 6 cheese whey, 11 waste sugar beet pulp, 12 palm date (Phoenix dactylifera L.) juice byproducts 13 and starch 14 were previously reported. Bioconversion of agro-waste to xanthan gum was reported by Gunasekar et al. they investigated the effects of different concentration of sulphuric acid on hydrolysate obtained from tapioca pulp. They found a strong relationship between the concentration of sulphuric acid with the quality of xanthan gum produced.
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Application of lignocelluloses for the production of polysaccharides, e.g., dextran and curdlan, was reported recently. This research emphasised that pretreatment is necessary to enhance polysaccharide yield from lignocelluloses. 16 The production of xanthan from glucose-xylose mixtures were performed by Zhang et al. They aimed to compare the quality of the xanthan produced from glucose-xylose mixture with the one produced from glucose. They found that the quality of the produced xanthan was improved by the consumption of xylose.
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Among introduced carbon sources, those that are renewable and widely available are of great importance. Nowadays, lignocelluloses attract researchers' attention as novel renewable substrates to produce chemicals. Rice straw is one of the abundant and mainly unused lignocellulosic materials worldwide. 18 However, because of its recalcitrant structure, it cannot be used directly as a carbon source for the cultivation of microorganisms. For efficient conversion of cellulose, the main constitutional building block of lignocelluloses, they must be pretreated prior to enzymatic hydrolysis. enzymes converting cellulose to glucose.
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The threedimensional polyaromatic matrix of lignocelluloses can be fractured by several methods, including acid, base, steam explosion, and solvents. 21 Chemical pretreatment processes, such as alkali pretreatment, are the most effective methods.
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Pretreatment with sodium hydroxide is a low cost, energy consuming process for improving lignocelluloses' hydrolysis. This process can be conducted at either low concentration and high temperature (e.g., 1% NaOH at 180 C) or high concentration and low temperature (6-20% NaOH at 0-100 C). 23 In the latter conditions, cellulose is dissolved, regenerated and prepared for hydrolysis. This process has several advantages, e.g., possibility to recycle and reuse the alkali solution, thorough disruption of the compact structure of lignocelluloses, and fewer environmental impacts. Alkali pretreatment at high concentration, e.g. 2 M NaOH, has shown promising results for improvement of ethanol and biogas production from different lignocelluloses. 24, 25 In this work, for the rst time, alkalipretreated lignocelluloses was reported as a potential substrate for production of xanthan. To our knowledge, there is no work reporting the use of rice straw as a substrate for xanthan production. This may pave the way for use of renewable substrates for microbial production of xanthan.
The goal of the current study was to introduce lignocelluloses as renewable substrates for xanthan production. In this work, rice straw was used as a raw material and pretreatment with NaOH and NaHCO 3 were used to improve the production yields. Effects of the pretreatment on the composition and structure of the straw was also investigated. Moreover, the quality of the produced xanthan gum was compared with a commercial one.
Experimental

Pretreatment
Rice straw was obtained from the Nowshahr region (36 38 0 56 00 N, 51 29 0 46 00 E, Mazandaran, Iran). It was then crushed and sieved using 20 and 80 mesh to achieve particle size of less than 0.8 mm. The pretreatment was performed using two alkalis, namely sodium hydroxide (NaOH) and sodium bicarbonate (NaHCO 3 ). In the pretreatment with sodium hydroxide, 20 g of prepared rice straw was mixed thoroughly with 380 g of 2 M NaOH solution in a bottle. Then it was placed in a bath at a xed temperature for a specied period. Aerwards, the remaining rice straw was separated via lter and subsequently washed with distilled water. Then it put in an oven at 105 C for 48 hours. The dried materials were then weighed. In order to compare the capability of the pretreatment methods to destroy the structure of rice straw, the rice straw recovery factor (RSRF) was dened as below:
RSRF¼ (initial weight of the sample (g) Â 100)/(dry weight obtained after pretreatment (g))
Pretreatment with sodium bicarbonate was conducted in a similar way. An amount of 20 g of untreated rice straw was mixed with 380 g of sodium carbonate solution. The completely intermingled substance was then transferred into an oil bath at a desired temperature for 3 hours. Then, the treated straw was separated and washed with distilled water. The separated solid was dried in the same manner as mentioned above and subsequently, RSRF was calculated.
The pretreatment with sodium hydroxide was conducted at 0 and 100 C for different pretreatment periods (30, 60, 90, 120, and 150 min). The pretreatment with sodium bicarbonate was conducted at three different concentrations of 0.25, 0.5 and 1 M. Each pretreatment performed at three different temperatures (120, 150, and 180 C). In a previous study, Salehi et al.,
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showed that the treatment with 0.25-1 M Na 2 CO 3 at temperature lower than 90 C is not effective. Hence, the experiments were arranged to be conducted at 120 C and higher. Table 1 shows the list of experiments performed.
Materials and microorganisms
The cellulase (Celluclast 1. hours. In order to evaluate the effectiveness of pretreatment, glucose yield was calculated according to the following equation:
where the factor 1.111 is for hydration of glucan to glucose.
Xanthan gum fermentation
X. campestris (PTCC 1473, Persian Type Collection Culture, Tehran, Iran) was used for microbial production of xanthan. The cultivation procedure was according to the method reported elsewhere. The medium used for xanthan production was as follows:
The carbon source of the medium was replaced by the hydrolysate obtained aer pretreatment of rice straw.
In all experiments the pH was adjusted to 7.5 before inoculation.
Commercial xanthan gum from X. campestris, purchased from Sigma-Aldrich (Sigma-Aldrich, St. Louis, United States, CAS Number: 11138-66-2), was used for comparison.
Analytical methods
The carbohydrate and lignin content of treated and untreated samples was determined using a standard method proposed by the National Renewable Energy Laboratory (NREL, Denver, United States). Scanning electron microscopy (SEM, Zeiss, Jena, Germany) was used to study the morphology of treated and untreated rice straw. Structure of rice straw before and aer treatment was compared based on the results obtained from Fourier transform infrared spectroscopy (FTIR, Bruker Tensor 27 FT-IR, Billerica, MA, USA). In addition, the structure of the produced xanthan was investigated using FTIR. Thermogravimetric analysis (TGA, NETZSCH, Selb, Germany) was performed to investigate the change in properties of the xanthan as a function of temperature. The xanthan samples were heated under nitrogen ow at a heating rate of 20 C per min. The temperature was raised from room temperature to about 600 C. Both TGA and DTA (differential thermal analysis) curves were obtained. A high-performance liquid chromatograph equipped with ultraviolet-visible (UV/VIS) spectroscopy and refractive index (RI) detectors was used (Jasco International Co., Tokyo, Japan) to analyse sugar content of the hydrolysate aer pretreatment. An Aminex HPX-87H column (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was implemented to measure glucose. Produced xanthan was puried and measured according to the method reported by Niknezhad et al. 14 1.5 ml of the fermentation broth was centrifuged for 25 min at 15 000 rpm.
Then the cell free supernatant was mixed with 3 ml of 0.1% calcium chloride. This resulted in precipitation of xanthan, which was separated by centrifugation (30 min, 15 000 rpm). The separated xanthan was dried at 50 C for 48 hours.
All experiments were performed in triplicate to provide sufficient data to analysis and comparison.
Statistical methods
In order to compare the results from different types of pretreatment, the yields were compared according to analysis of variance (ANOVA). Where appropriate, the yields were compared according to proper type of t-test. These analyses was performed using Excel 2013.
Results and discussion
3.1. Effects of pretreatment on composition and structure of rice straw
The composition of rice straw before and aer pretreatment was measured as presented in Table 2 . In this table, the weight percentage of ash, lignin, glucan and xylan as well as rice straw recovery factor (RSRF) in the pretreatments are reported.
As it can be seen from Table 2 -A, the composition of rice straw has been changed by pretreatment. In the samples pretreated with 2 M sodium hydroxide, at 0 C, the lignin content was reduced from 16% to 12.22%. In contrast, at 100 C, it was reduced from 16% to 10.1%. Pretreatment affected the glucan content as well. The glucan content increased as the pretreatment time increased. The maximum glucan content was observed aer 150 min. This increase was 15.6% and 51.8%, compared to the untreated sample in the case, at 0 C and 100 C, respectively. Table 2 -A shows that xylan decreased as the pretreatment proceeded. This reduction was 23.6% and 59.2% for the pretreatments at 0 C and 100 C, respectively. The ash content decreased as well. The percentage reduction of ash content was 27.7% and 33.8% for the pretreatment at 0 and 100 C, respectively. As can be seen in Table 2 -B, glucan content, in the pretreated samples with NaHCO 3 , was greater than control. At constant temperature, the glucan content increased with the increase in the concentration of sodium bicarbonate. At constant concentration of sodium bicarbonate, the glucan content increased when the temperature increased. The glucan content in the pretreatment with 0.5 M sodium bicarbonate at 180 C was 65.3%. Salehi et al. 25 reported that 65.2% content can be achieved in the pretreatment of rice straw with 0.5 M sodium carbonate at 180 C.
Xylan, lignin and ash contents decreased as the concentration of NaHCO 3 increased. At constant concentration, xylan, lignin content decreased when the temperature increased.
The rightmost column of Table 2 shows the RSRF calculated aer the different pretreatment methods implemented in this work. RSRF values reveal the fact that the pretreatment at 0 C resulted in higher RSRF than the pretreatment at 100 C. For example, the RSRF calculated for treated rice straw at 0 C aer 150 min was 62%, while that of the treated sample at 100 C was 47% (Table 2 -A). The RSRF of the samples pretreated with NaHCO 3 was reduced with the increase of temperature at constant concentration. At constant temperature, the RSRF was reduced as the concentration increased. The lowest RSRF, 40%, was observed at 1 M concentration of sodium bicarbonate at 180 C.
In order to study the crystallinity of the pretreated and untreated rice straw, it was analysed using FTIR. Fig. 1 shows the spectra of four different samples. These samples include (1) untreated rice straw, (2) pretreated one at 0 C for 150 min with 2 M sodium hydroxide solution, (3) sample pretreated at 180 C for 180 min with 0.5 M sodium bicarbonate solution and (4) the sample pretreated with 2 M sodium hydroxide at 100 C for 120 min. The crystallinity index of these samples was calculated as the absorbance ratio of A 1430 /A 896 . The crystallinity indexes were determined to be 0.81, 0.78, 0.72 and 0.67 for samples 1 to 4, respectively. This means that the crystallinity index decreased aer pretreatment. SEM analysis was used to investigate the morphology and surface characteristics of the pretreated and untreated samples (Fig. 2) . As can be seen in this gure, pretreatment resulted in destruction of rice straw and an increase in porosity. In other words, pretreated samples show more accessible surfaces (Fig. 2B-D) compared to the untreated sample, which shows a compact structure (Fig. 2A) . Comparison of Fig. 2B with 2-D pinpoints that pretreatment at 100 C led to more porosity than the pretreatment at 0 C.
Enzymatic hydrolysis of untreated and pretreated rice straw
All pretreated and untreated samples were subjected to enzymatic hydrolysis. The hydrolysates were analysed for sugars and fermentation inhibitors. The concentration of inhibitory compounds, i.e., furfural, hydroxymethyl furfural, and acetic acid, were less than 0.06 g l À1 . In order to compare the performance of hydrolysis, the glucose yield was calculated for each experiment. Fig. 3A shows the glucose yield obtained in pretreatment with 2 M sodium hydroxide at 0 and 100 C. As it is clear from this gure, the glucose yields obtained from the treated samples were more than that of the untreated sample. The yields were 191% and 286% more than the untreated one in the pretreatments at 0 C and 100 C for 150 min, respectively.
All yields from the pretreatments were subjected to on-sample ttest in order to compare with the yield obtained from untreated sample. The results of the t-test conrmed the signicant higher yields at 100 C compared to 0 C (P value ¼ 2.8 Â 10 while the level of signicance was 0.05 for the case of 100 C. P value ¼ 0.0006 while the level of signicance was 0.05 for the case of 0 C).
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The comparison of samples pretreated at 0 and 100 C showed that the higher the pretreatment temperature, the higher the glucose yield (Fig. 3A) . For example, the highest glucose yield obtained at 0 C was 70.2%, while at 100 C, it was 92.8%. ANOVA conrmed the signicant difference between the yields obtained from pretreatment at 100 C compared to those of 0 C (the P-value was 8.99 Â 10 À10 while the level of signi-cant considered as 0.05). Fig. 3B displays the glucose yield obtained from hydrolysis of samples pretreated with sodium bicarbonate. This gure shows that the glucose yields of pretreated samples are more than four times that of the untreated sample. For instance, the yields were 20.1% and 92.66% for untreated sample and treated sample with 1 M NaHCO 3 at 180 C.
Nevertheless, the glucose yields obtained at different temperatures and concentration of NaHCO 3 were not signi-cantly different from each other (Fig. 3B) . The average glucose yield was 92.07 AE 1.4.
Xanthan production
X. campestris was inoculated in the medium containing hydrolysate of enzymatic hydrolysis. This means that the carbon source was provided to the strain by means of glucose produced during enzymatic hydrolysis. Cultivation lasted 72 hours. Then the produced xanthan was measured. The yield of xanthan Fig. 1 (A) The FTIR of (1) untreated rice straw, (2) pretreated rice straw with 2 M NaOH at 0 C for 150 min, (3) pretreated rice straw with 0.5 M NaHCO 3 at 180 C for 180 min and (4) pretreated rice straw with 2 M NaOH at 100 C for 120 min. (B) The FTIR spectra of (1) produced xanthan and (2) commercial xanthan. production (g xanthan per 100 g of raw rice straw) was then calculated accordingly. The results are presented in Fig. 4 . Fig. 4A presents the xanthan yield obtained by pretreatment with 2 M sodium hydroxide. This gure reveals the fact that the pretreatment temperature has great inuence on the xanthan yield. For example, the xanthan yields were 5.1 and 10.41 for the pretreatment at 0 and 100 C aer 120 min, respectively. This was also conrmed by ANOVA. The P-value was 8.44 Â 10
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while the level of signicance considered as 0.05. As well, Fig. 4A shows that the change in xanthan yield was notable at 0 C as pretreatment time increased. It increased from 3.41 to 6.16 g/ 100 g at 0 C (96% increase). Nevertheless, this change was not remarkable at 100 C. The yield changed from 8.6 to 9.36 g/ 100 g, which corresponds to an 8% increase.
In the pretreatment with sodium bicarbonate, the xanthan yield was nearly the same at different concentrations of sodium bicarbonate and varying temperatures. The average yield obtained was 9.7 with a standard deviation of 0.25. This was also validated by ANOVA since the P-value was 0.6459 at the level of signicance of 0.05. (Null hypothesis was not rejected meaning no signicant difference among the yields.)
To make a qualitative comparison of the molecular structure of the produced xanthan with that of the commercial product, both were analysed with FTIR. The resulted spectra appear in Fig. 1B . This gure shows similar results for both samples. The comparison of the each peak value, representing a specic functional group in the commercial and in the produced xanthan, revealed that they have almost the same value. For example, the peak value of commercial and produced xanthan at wavelength corresponds to the hydroxyl, carbonyl, carboxyl and acetyl groups, which were (3332, 3346), (1602, 1606), (1404, 1398) and (1037, 1035), respectively.
The produced xanthan was also subjected to TGA/DTA analysis. This analysis gives valuable information for a substance subjected to heating. The results of this analysis are presented in Fig. 5A and B for produced xanthan and commercial xanthan, respectively. As can be inferred from Fig. 5 , the rst mass loss occurred at 35 to 140 C for produced xanthan and at 33 to 112 C for the commercial xanthan. These mass losses correspond to 10% and 8% of the total mass reduction for produced and commercial xanthan, respectively. The second weight loss was took place at 250 to 350 C and 240 to 260 C, which corresponds to 30% and 53% of total weight loss for produced and commercial xanthan. Fig. 5A and B exhibits that the maximum rate of weight loss occurred at 297 and 300 C for produced and commercial xanthan, respectively. These points can be identied by the drastic drop in TGA curve and the sudden increase in DTA curve. The exact points were identied by the built-in soware of the equipment and are shown in Fig. 5 . Rice straw, as a renewable and inexpensive source of carbon, has great potential as a substrate for microbial xanthan production. The recalcitrant structure of rice straw is the limiting step to prepare it as a carbon source. The results of this work demonstrated that alkali pretreatment enhanced hydrolysis efficiency and consequently increased xanthan yield. The xanthan yield could be boosted to more than ten times the yield obtained from untreated rice straw. The maximum yield obtained in this study was about 10 g xanthan per 100 g of raw rice straw.
The main reason for enhancing yield of enzymatic hydrolysis and, subsequently, xanthan production is the occurrence of several reactions in the presence of Na + ions. Hydrolysis of glycosidic bonds (depolymerization) and acetyl groups as well as dissolution of cellulose and regeneration of cellulose, resulting in crystallinity reduction and changes in distribution of crystalline and amorphous regions, are among the phenomena resulting in the improvement of hydrolysis. On the other hand, there are several reactions, e.g., formation of alkalistable end-groups, called peeling reactions of end groups, and decomposition of dissolved polysaccharides, can negatively affect the hydrolysis. Besides, hydroxyl ions at the alkali conditions are responsible for fragmentations and dissolution and of lignin, which are desired in the pretreatment. However, the condensation of lignin and its derivatives on the lignocellulosic surfaces can be happened, resulting in lower cellulose hydrolysis yields. 27 Therefore, the alkali pretreatments are very complicated processes that can either improve or reduce the cellulose hydrolysis yield. Generally, the main mechanism in the pretreatment of lignocelluloses with Na + ions at low temperature (e.g., 0 C) is dissolution of cellulose, while the main mechanism at high temperature (e.g., 100 C) is reactive destruction and solubilization of lignin and hemicellulose.
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The results of this work conrm that the maximum xanthan yield can be obtained in the pretreatment with 2 M NaOH at 100 C for 120 min. The maximum xanthan yield at 0 C was considerably lower than that at 100 C (9.36 g/100 g compared to 6.16 g/100 g). However, temperature lacks inuence on the xanthan yield in the case of pretreatment with NaHCO 3 . The average xanthan yield obtained at different temperatures and concentrations was 9.7 g/100 g, with a standard deviation of 0.25 (Fig. 4B) . The signicant inuence of temperature occurred upon increase from 0 to 100 C, which may be due to the increased of rate of reactions that took place during pretreatment. In the case of 0 C, the reaction requires time to be completed. Hence, the pretreatment needs time to progress. The gradual increase in glucose and xanthan yield (Fig. 4A) is evidence of that. Nevertheless, the temperature of pretreatment with NaHCO 3 was high enough that the reactions took place very quickly. This might be the reason for the similar glucose and xanthan yields at different temperatures when rice straw was pretreated with NaHCO 3 (Fig. 4B) . In other words, the temperature was probably so high that all possible destructive reactions occurred in a short period immediately aer the start of pretreatment. NaHCO 3 concentration did not inuence the pretreatment notably (Fig. 4B ). This could be due to the presence of Na + ions exceeding the amount required for involvement in the destructive reactions. Therefore, from economic point of view it is recommended to use lower concentration (0.25 M) if sodium bicarbonate is going to be used in pretreatment. The trend of xanthan yield obtained in both pretreatment methods is in accordance with the trend of glucose yield achieved in the enzymatic hydrolysis. The glucose and xanthan yields in NaOH pretreatment at 100 C deviate slightly from 92.6% and 9.7 g/100 g respectively. However, the glucose yield obtained at 0 C was variable from 37.33% to 70.2%, and the xanthan yield increased from 3.1 to 6.1 g/100 g. This means that the bioconversion of hydrolysate to xanthan is not the bottleneck. The main challenge is to make cellulose accessible for enzymatic hydrolysis. The subsequent bioconversion of glucose to xanthan takes place irrespective of the type of alkaline used and pretreatment conditions implemented. FTIR analysis provides a qualitative study of the chemical composition of the materials being pretreated. The absorption bound at 1430 cm À1 was related to the presence of cellulose type I. This type of cellulose is resistant to hydrolysis, in contrast to cellulose type II, which is more susceptible to be hydrolysed. Absorbance band at 896 cm À1 was related to cellulose type II.
Hence, the reduction in crystallinity index is a qualitative measure of the reduction in the presence of cellulose type I. Since the crystallinity decreased aer pretreatment (data was presented in section results), the pretreatment investigated in this work was able to reduce cellulose type II and increase the presence of cellulose type I. As shown in Fig. 1A , absorbency at 3175 and 1335 cm À1 increased aer pretreatment. These wave numbers correspond to hydroxyl groups. The absorbency at 1730, which was assigned to acetyl groups, was decreased by pretreatment. Acetyl groups are the key functional groups connecting lignin and hemicellulose. These connections are the main barrier for hydrolysis of hemicellulosic polysaccharides. 28 The change in absorbency of the above-mentioned functional groups is evidence for the fact that the pretreatment enhanced accessibility to cellulose. Moreover, SEM analysis conrms the FTIR results. As can be inferred from Fig. 2 , pretreatment with 2 M sodium hydroxide was able to swell the recalcitrant structure of rice straw and increase the available surface area. This was also observed in the pretreatment with NaHCO 3 . As Fig. 2 shows, the pretreatment at 100 C was more effective than that at 0 C in terms of making more surface area accessible and disintegrating rice straw structure. As mentioned above, this might be due to the higher temperature, which accelerated the destructive reactions.
Although the pretreatment could enhance xanthan yield, one could question whether the produced xanthan has the same quality as the commercial product. This question was answered qualitatively by TGA and FTIR analyses. The similarity in the spectra of the produced and commercial xanthan reveals that they have similar chemical structure. This was also crossvalidated by TGA/DTA analysis (Fig. 5) . In TGA analysis, the rst mass loss occurred because the samples were dehydrated. Xanthan gum absorbs water because -OH and other polar groups exist in xanthan gum structure. 29 The second weight loss is a result of thermal decomposition. Despite a slight difference in the range of temperatures during which the thermal decomposition occurred, the maximum rate of decomposition took place at nearly the same temperature (297 and 300 C for produced and commercial xanthan, respectively). Hence, one concludes that the quality of the produced xanthan is very close to the commercial product.
Conclusions
Rice straw, as a widely available renewable source of carbon, is not suited to be used in its native form for microbial xanthan production, since the production yield is very low. Because of its recalcitrant structure, it must be pretreated to degrade lignin and hemicellulose, to make cellulose accessible for enzymatic hydrolysis. Alkali pretreatment was implemented in this work to increase enzymatic digestibility of rice straw. The pretreatment with 2 M NaOH was greatly inuenced by temperature, as temperature increased from 0 to 100 C. However, the increase in temperature from 120 to 180 C did not have a notable inuence on glucose yield in the pretreatment with NaHCO 3 . Nevertheless, pretreatments with both alkali, studied in this work, were able to increase xanthan yield up to ve times. The quality of produced xanthan gum was similar to the commercial product. Hence, alkali pretreatment has great potential to provide a renewable carbon source for xanthan production.
